Non-genetic transmission of information across generations, so-called parental effects, can have significant impacts on offspring morphology, physiology, behaviour and life-history traits. In previous experimental work using the two-spotted spider mite Tetranychus urticae Koch, we demonstrated that dispersal distances increase with local density and levels of genetic relatedness. We here show that manipulation of parental and grand-parental density has a significant effect on offspring dispersal distance, of the same order of magnitude as manipulation of offspring density. We demonstrate that offspring exposed to the same density disperse further if they were born to parents exposed to higher density compared with parents exposed to low density. Offspring dispersal distance also increases when grand-parents were exposed to higher density, except for offspring exposed to low densities, which disperse at shorter distances whatever the grand-parental density. We also show that offspring from mothers exposed to higher densities were overall larger, which suggests that parents in high densities invest more in individual offspring, enabling them to disperse further. We propose that our findings should be included in models investigating the spread rate of invasive species or when predicting the success of conservation measures of species attempting to track changing climates.
Introduction
Phenotypic plasticity occurs when different phenotypes are produced from a single genotype depending on the environment [1] . Behaviour is often regarded to be the most plastic aspect of animal phenotypes [1, 2] , and there is increasing evidence that behavioural plasticity, allowing natural populations to, e.g. shift distribution or temporal activity, helps to mitigate the impacts of global changes, such as climate warming and habitat fragmentation [2] [3] [4] . An important plastic behavioural trait is dispersal, the movement of individuals from one breeding site to another. It has evolved as a mechanism to avoid inbreeding, kin competition and in response to spatio-temporal heterogeneity [5, 6] . As habitat fragmentation increases and as species are forced to shift their ranges in response to climate change, the distances organisms disperse and the mechanisms that affect dispersal distance decisions are becoming increasingly relevant in the fields of invasion ecology and range expansion [7] . It is likely that dispersal distance strategies, in addition to emigration strategies, can also be plastic [8] [9] [10] . In this regard, we recently showed that the distances individuals disperse can respond plastically to population density and the level of relatedness within a population [11, 12] .
One mechanism producing behavioural plasticity and driving epigenetic inheritance of behavioural traits is parental effects, i.e. effects that parents have on the phenotype of their offspring that are unrelated to the offspring's own genotype [13, 14] . Parental effects have been found in a wide range of taxa and traits including dispersal [6, 12] , with most studies focusing specifically on maternal effects rather than paternal (but see [15, 16] ). This non-genetic (or epigenetic) transmission of information can also be transferred from grand-mothers to grand-offspring [17] . It has been predicted in particular that mothers exposed to higher densities [18] , or reproducing in patches of deteriorating quality [19] , should increase the proportion of dispersing offspring. Maternal effects, through changes in offspring sensitivity to density, could further affect population dynamics by introducing population cycling [20, 21] .
These theoretical developments on the evolution of emigration are supported by a wide variety of empirical literature available on the effects of maternal density on offspring emigration propensity. High density may indicate increased competition over various resources for the offspring, including space and food [10, 22, 23] . For example, pea aphid (Acyrthosiphon pisum) mothers increase the ratio of dispersal morphs in their progeny in anticipation of crowded offspring conditions [24] . Mothers have been shown to increase offspring body size in response to density or food availability [25, 26] , or produce more aggressive offspring in response to availability of nest sites [27] . In turn, these phenotypic traits may alter the offspring dispersal ability, as they are often associated in dispersal syndromes [28, 29] . For example, in the marine bryozoan Bugula neritina, mothers from high-density environments produced fewer but larger offspring, enabling them to disperse from crowded conditions [22] .
While the majority of theoretical and empirical studies examining the relationship between maternal environment and offspring dispersal focus on offspring emigration, other important aspects of dispersal were found to be affected by maternal effects, such as colonization success [30] , range expansion [27] and dispersal distance [10] . In the sole theoretical study investigating the evolution of dispersal distances when the trait is under maternal versus offspring control, Kokko & Starrfelt [31] predicted that offspring dispersal distances should be longer when mothers were in control (see Motro [32] for similar findings on emigration rates). To the best of our knowledge, the effect of parental density on the dispersal distance of offspring in an actively dispersing species has not yet been empirically addressed (but see Donohue [23] and Wender [10] for a passively dispersed organism).
We use the two-spotted spider mite, Tetranychus urticae, to test whether parental and grand-parental density influences the dispersal distances of their offspring. In this species, maternal effects have been found to influence offspring fecundity, sex ratio, diapause incidence and aerial dispersal behaviour [33] [34] [35] , demonstrating that mothers can alter the phenotype of their offspring based on their own environment. As a consequence of a short generation time, high population growth rates and the fact that mothers and offspring are often found on the same leaf [36] , parents may use population densities as an indication of the future environmental conditions of their offspring. High-density conditions have been shown to negatively impact T. urticae growth rate and body size [37] , and density was shown to be a cue used by mothers to control offspring diapause incidence [34] , suggesting that maternal density is likely to be a reliable predictor of offspring environment. Moreover, we identified some trace of grand-maternal effects on offspring dispersal distance in a large-scale experiment of artificial selection aimed at increasing or decreasing dispersal distance [38] . Thus, we expect that mothers and grand-mothers use density as a cue to inform their offspring about how far they should disperse.
Material and methods (a) Organism
Tetranychus urticae is a haplo-diploid polyphagous mite that feeds on hundreds of plants and industrial crops. Females can lay up to 10 eggs per day for about 10 days, and the life cycle can complete in 10 days depending on host plant and temperature [39] . The base population (BP) was composed of the 'LS-VL' strain of T. urticae spider mites collected in October 2000 from roses in a garden near Ghent, Belgium and since then maintained on potted Phaseolus vulgaris plants, variety 'Prelude' (named 'bean' hereafter), in a climatically controlled room at 26.5 + 18C, 60% relative humidity, and 16 L : 8 D photoperiod with a population size of about 5000 mites [40] .
In nature, population densities vary from less than 0.1 individual cm 22 to up to 50 individuals cm 22 depending on the host plant and the state of the infestation [39, 41] . Under controlled conditions, when resources are scarce and population densities become too high, mites disperse individually either by ambulatory [42] or aerial means [43] . Newly emerged 1-to 2-day old mated adult females are considered to be the dispersers [43] . We tested parental effects using three densities: 2.5, 12.5 and 25 individuals cm 22 following Bitume et al. [11] . We considered the lowest experimental density as the most favourable environment, and the highest density as the most stressful environment.
(b) Manipulation of (grand)parental densities We aimed to measure the effect of density in the parental and grand-parental environments on the distance dispersed by their offspring. As offspring dispersal distance is known to vary with the density that they themselves experience [11] , we further explored how information about (grand)parental density and offspring density are combined to influence dispersal distance. We carried out a full two-way factorial experiment in which we tested the distance dispersed by two successive generations of offspring whose parent (F 1 offspring generation), or grand-parents (F 2 offspring generation), had been exposed to one of three different densities. In short, all individuals developed and were kept at low density (less than 2.5 individuals cm
22
) except when density was manipulated to produce the treatments (for detailed information on the protocol, please see the electronic supplementary material, I). Young adult females (F 0 generation; figure 1) were placed at low (2.5 individuals cm
; low parental density, LPD), medium (12.5 individuals cm
; medium parental density, MPD) or high (25 individuals cm
; high parental density, HPD) densities for 4 days, and males were added for 24 h to allow fecundation. On the fifth day, females were isolated and allowed to lay eggs for 24 h (F 1 generation). To test for grand-parental effects on dispersal distance, the F 0 females produced more offspring (F 1b generation) that were allowed to lay eggs individually (F 2 offspring generation; step 4). These F 2 offspring thus had mothers whose density was low and common to all of them but whose grand-parents were exposed to the three different density treatments. Because we were unable to expose the F 1b generation to all three densities owing to practical limitations, we chose to standardize the F 1b generation at low density to represent the least stressful environment. Adult females from the F 1 and the F 2 generations were assessed for dispersal distance in the three densities (steps 2 and 4, respectively, in figure 1 and see §2c).
(c) Quantification of (grand)offspring dispersal distance
We measured the offspring (F 1 or F 2 ) dispersal distance in three densities. We placed the female mites on a 2 Â 2 cm leaf with other female mites of the same age to create a total of either 10 (low offspring density, LOD), 50 (medium offspring density, MOD) or 100 (high offspring density, HOD) 1-to 2-day old females. The experimental set-ups used for testing dispersal distance, hereafter referred to as 'trials', were similar to that used in Bitume et al. [11] . Briefly, mites were left on the leaf for 30 min with a barrier preventing them from dispersing. The starting patch was connected with either 20 (for LOD and MOD) or 25 (for HOD) patches measuring 2 Â 1 cm. Each patch was laid rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141061 on wet cotton and connected via Parafilm bridges measuring 8 Â 1 cm. After 30 min, the barrier was removed, and the mites were then allowed to disperse freely through the linear system. The number of patches used for each density were based on pilot experiments that showed no crowding at the end of the system with the respective number of patches. The total possible dispersal distance was 150 cm for the 20 patch system, and 200 cm for the 25 patch system.
For each of the parental density treatments, we selected 10 F 0 mothers and assessed the dispersal distance of three of their daughters (F 1 ), each at a different density. For each of the grand-parental density treatments, we selected 10 F 1 mothers, each born to a distinct F 0 grandmother, and assessed the dispersal distance of three of their daughters (F 2 ), each at a different density. Offspring from several mothers were tested in the same trial (see the electronic supplementary material, table S1 and S2). The F 1 and F 2 offspring were marked with water colour paint [38] , so that they could be followed throughout the experiment, and are hereafter referred to as 'focal' offspring. The other females used to produce the different treatment environmental densities were obtained from the BP and are hereafter referred to as 'surrounding' population.
(d) Body size experiment
In a separate experiment, we tested whether parental environment can affect the body size of offspring. Parents were exposed to the exact same densities and experimental protocol as previously described (n ¼ 80 females at low density; eight patches of 10 females, n ¼ 100 females at medium density; two patches of 50 females, n ¼ 200 females at high density; two patches of 100 females, all patches 2 Â 2 cm). Groups of 20 mothers, previously exposed to the same density treatment, were allowed to lay eggs for 48 h on a leaf disc with an area of 50 cm 2 to allow their offspring to develop at a low density of 1.5 cm 2 . When the female offspring were 1-to 2-days old, we measured three parameters of their body size: length, width and circumference of body (n ¼ 70 females at low density, n ¼ 60 females medium density and n ¼ 60 females high density). The females were killed in alcohol and photographed under a microscope. The photos were analysed using IMAGEJ image processing and analysis software (v. 1.47).
(e) Statistical analyses
The variable of interest is the dispersal distance of the focal offspring, measured as its position on the seventh (last) day of the dispersal assay experiment. However, because spider mites are a subsocial species known to follow the movements of conspecifics [42] , the movements of the population as a whole might affect the dispersal distance by the focal offspring. To test whether the focal offspring move according to the movement of the whole population, we included the mean distance moved by the surrounding population as a covariate in the analysis. The mean was calculated by taking the dispersal distances of surrounding mites and dividing by the total number of mites. As density and mean distance dispersed by the surrounding population were significantly correlated (distribution Spearman's rank correlation test, r 14 ¼ 0.72, p , 0.001), we used the residuals of the mean dispersal distance of the whole population after regression by the offspring density (called hereafter 'population distance' (PDist)) as a covariate. We also compared the Akaike information criterion (AIC) values of a model with and without PDist as a variable. We estimated the effects of parental density at emergence (PD), density of the offspring in the trial (OD), of PDist, and their interactions on the dispersal distance of the focal offspring. The response variable (dispersal distance of focal offspring) was log e transformed to meet the model assumptions of normalized residuals (ShapiroWilk tests on linear model residuals: all p . 0.05). Density (PD, OD) and population dispersal distance (PDist) were continuous Step 2) Their offspring (generation F 1 ) were then marked, divided and placed on a starting patch containing one of three densities (low, medium and high) and the dispersal distance of the offspring was measured. To determine whether there were grand-parental effects present on dispersal distance, excess offspring from the parental generation exposed to the different densities (generation F 1b ) were collected separately and allowed to develop at a low standardized density (step 3). (Step 4) These offspring then produced the F 2 generation whose dispersal distance was measured at one of the three densities (see §2 and the electronic supplementary material 1 for a detailed explanation).
rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141061 fixed factors, and mother and trial were random factors. We expected dispersal distances to increase with densities as we found previously, and so we applied the same methodology as in previous work to analyse the data, using density as a non-transformed, continuous, variable [42] . Using the statistical software R [44] , we used a linear mixed-effect model with the software package lme4 [45] . Model simplification was performed using the principle of backwards stepwise factor elimination, where variables were retained when p , 0.05 [46] . We report the estimate (+s.e.) of each fixed factor together with the chi-statistics of the comparison between the models with and without the tested factor. This analysis was repeated by replacing the F 1 offspring with the F 2 offspring to determine the presence of grand-parental effects (GD). We again used the residuals derived from a regression of mean dispersal distance of the population on density (PDist) since they were significantly correlated (Spearman's rank correlation test, r 13 ¼ 0.87, p , 0.001). All data are accessible at http://alturl.com/yv4gn.
To determine whether parental environment affects offspring body size, we first performed a repeatability test to determine which traits could be measured confidently to represent body size [47] . We tested the repeatability of body width, length and circumference by measuring each trait three times on different days on the same individual. Repeatability was calculated using the formula
where S
2
A is the between group variance and S 2 is the within group variance. Groups are composed of the three measurements taken for each individual. Repeatability was over 90% for all traits (length ¼ 94.5% + 0.002, width ¼ 92.1% + 0.002 and circumference ¼ 93.9% + 0.002). We then performed a linear regression with each body size trait as the response variable and parental density as the continuous explanatory variable.
Results
When testing the effect of parental density on log e -transformed dispersal distance of offspring, there were no significant interactions between any of the explanatory variables (see estimates and test statistics in table 1). Offspring dispersal distance was significantly increased by PD (x 2 1 ¼ 8:48, p ¼ 0.004, n ¼ 70). As parental density increased from low to high, the distance dispersed by offspring was multiplied by 2.05 (figure 2). As expected [11] , OD also had a significant effect on dispersal Table 1 . Results of the linear mixed-effects model testing the effects of offspring density, (grand)parental density and population distance on the logtransformed distance of focal offspring for the parental and grand-parental effects. (Terms were rejected when p . 0.05. All variables are fixed effects except for mother and trial, which are random effects.) In contrast to the parental effects experiment, in the grandparental effects experiment there was a significant interaction between GD and OD (x 2 1 ¼ 12:78, p , 0.001, n ¼ 69) on log etransformed offspring dispersal distance (table 1). Offspring exposed to low density did not respond to grand-parental density (F 1,21 ¼ 3.294, p ¼ 0.08). As grand-parental density increased from low to high, offspring dispersal distance was multiplied by 0.89 when offspring were at low density, and by 2.46 when offspring were at high density. As offspring density increased from low to high, offspring dispersal distance was multiplied by 1.50 when grand-parental density was low and by 4.13 when grand-paternal density was high. Similar to the parental effects experiment, population distance had a marginally significant positive effect on the distance dispersed by the offspring (x As parental density increased from lowest to highest, the average body circumference increased by 9%. The average body circumference of low density, medium density and high density offspring was 0.91 mm + 0.017, 0.98 mm + 0.013 and 0.99 mm + 0.014, respectively.
Discussion
Non-genetic transmission of information from parent to offspring has been recognized as having significant influence on offspring phenotype [14, 48] . Here, we showed that parental and grand-parental density significantly affected offspring dispersal distance. Offspring exposed to higher density dispersed further, but these offspring dispersed even further when their parents were also exposed to high density. The same pattern was found for grand-offspring, except for grand-offspring exposed to low density that did not change their dispersal distance in response to increasing grandparental density. We also found that offspring born to parents from a medium or high density were overall larger than offspring from low-density parents, indicating plasticity in body size in response to parental density.
Marshall & Uller [49] provide several criteria which, if fulfilled, explain the existence of adaptive maternally induced phenotypic plasticity in offspring. First, the environment must be spatio-temporally stochastic. In nature, the environment experienced by T. urticae is normally highly variable [50] . Tetranychus urticae can exploit and destroy their resources very quickly, and because many of their host plants are agricultural, the constant harvesting and regrowth imply a constantly changing habitat [51] . A second requirement is that the costs of transmitting the non-genetic information from mother to offspring must be low. Our experiment did not permit us to quantify the cost of information transmission from mother to offspring. However, because maternal effects are present in other life-history traits in this species, we can suppose that the cost is not prohibitive [34] . Lastly, and perhaps most relevant to our study, maternal environment or condition must be a good predictor of conditions that the offspring will experience. In T. urticae, if the mother is currently experiencing high densities, then there is virtually no chance that an F 1 generation will consequently experience a low-density environment unless they disperse. This is owing to the fact that T. urticae populations can grow exponentially, even in the presence of predators [37] . Thus, a high-density environment is likely to be a reliable cue that should influence mothers to produce offspring with higher dispersal propensity.
There are several concurrent mechanisms that can explain how mothers modify the dispersal decisions of their offspring. One mechanism is that maternal density affects morphological attributes of the offspring that either constrain or encourage dispersal [52] [53] [54] . The adaptive parental hypothesis predicts that females exposed to high levels of competition or malnutrition should invest more in each individual offspring [17, 55] . Indeed, our results show that offspring reared from parents exposed to medium and high density are larger. Larger individuals are often considered to be more capable and successful dispersers across a wide variety of taxa [56] [57] [58] . We did not test for paternal effects specifically, however, it is also possible that fathers are able to transmit information about density to offspring through their sperm [15, 16] . In our experiments, paternal density was the same as maternal density during rearing and breeding, so we cannot exclude an effect of paternal density.
We observed that dispersal distance increased with grandparental density. Across many insect taxa, larger mothers rear larger offspring [59] . Even though we standardized the F 1b generation at a low density, the F 2 offspring from mediumand high-density grand-parents were probably larger than those from grand-parents exposed to low density. An additive effect across generations of density on body size may explain how the information was transmitted from grand-parent to grand-offspring. We observed the same patterns in the grand-parental effects as for the parental effects, except in grand-offspring that were exposed to a low-density environment. These offspring dispersed based only on their own experienced densities. An explanation might be that offspring at a low density did not use or receive a signal when their grand-parents were in medium or high density because of conflict with information about their own density. If offspring find themselves in a high-density situation and their grandmothers were also in this situation, then all available information indicates that they should take the risk of dispersing further. However, because dispersal is costly [60] , if the offspring are in a low-density situation, then they are better off to take into account their own density and their maternal density to more accurately assess how far they should disperse. In the case of our experiments, the mothers of the F 2 generation were all exposed to low densities. Thus, because of this apparent conflict in information, lack of signal transmission or unpredictable environment, offspring that also find themselves in a low density situation did not disperse further.
In both the parental and grand-parental experiments, the mean dispersal distance of the population had an effect on the movement of the focal offspring. Yet, we found no significant difference in AIC values when including the residuals of population distance on density (PDist) compared with a model without this variable. This suggests that the movement of the population may slightly influence the dispersal distances of the mites. Tetranychus urticae is a subsocial organism that prefers to live in small groups rather than individually or in large groups. Group living enhances fecundity, provides protection from predation and other abiotic factors, and also easy access to mates [39, 61] . Additionally, in natural populations, the spatial distribution of mites tends to be slightly aggregated [37, 41] . Thus, it is likely that T. urticae change their dispersal behaviour based on their present group size, but this effect is weak.
Interestingly, the parental effects have as much influence on dispersal distance as the offspring's own environment. We can envision how maternal effects might play a central role in the population dynamics of dispersing individuals in the context of an invading wave. We have previously shown that populations experiencing high densities and high levels of genetic relatedness will have individuals that disperse further away from the source patch [11] . Population densities at the invading front are usually low [62] , and thus genetic relatedness will ultimately increase. Maternal effects can thus counteract or accelerate the speed of an invasion depending on the environmental conditions experienced in the previous generation. For example, if density at the front is low, but relatedness is high, and the mothers of these individuals come from a high-density environment, then the maternal effect could amplify the speed of invasion by acting simultaneously with genetic relatedness to increase the dispersal distances of offspring. It is thus necessary to take into account the effect of maternal environment to predict with any accuracy the speed at which a species will expand its range.
In conclusion, while theoretical models investigating the rate of, for example, range expansion, rarely acknowledge parental influence on offspring dispersal distance, our results indicate that parental effects may similarly affect two key components of dispersal strategies: emigration and, for the first time, dispersal distance. Furthermore, we show that parental influence on offspring dispersal distance is as important as the offspring's environment on dispersal decisions [22, 53] . Parents can use a cue that normally promotes dispersal, such as density, and transmit that information to their offspring so that the offspring have a 'head-start' in their response to their own environmental conditions. Parents can augment offspring body size in response to various density conditions, affording their offspring the capability to make appropriate dispersal decisions.
